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A-GE S m - 3 R I C T I O N  COEFEICIENTS FRm B m M Y - L A Y 3 R  

MEASUREMENTS IN mIGHT ON A PARABOLIC BODY O F  

RFVOLUTIOM (NACA RM-10) AT SWE3SONIC 

SPEEDS AND AT LARGE KEYNOLIE WMEERS 

By Charles B. R w e y  and J .  D& Loposer 

Boundary-layer  measurements  have  been made on rocket-powered free- 
flight models t o  determine average skin-friction  coefficients. The tes t  
body, designated MACA RM-10, was a fin-stabilized parabolic body of 
revolution of fineness r a t i o  12.2 with a,blunt base t o  provide space f o r  
the rocket J e t .  

Average skin-friction  coefficients were determined f o r  two stations 
- on the body. Three models  were tested. Model 1 covered the Mach umber 
range  from 1.5 t o  2.13, with'a Reynolds nurnb-er range  from -89 X 10 8 to 
139 X lo6, based on body length t o  the m6asurement station; model 2 
covered the Mach number-range  from 1.5 t o  2.52, with a Reynolds  number 
range f r o m  57 x 10 6 t o  124 x 10 6 ; and model 3 covered the' Mach  number 
range  from 2.15 t o  3.4, with a Reynolds nuinber range f r o m  42 x 10 6 to 

X 106. 

A significant decrease in Skin-friction  coefficient with increasing 
Ma,& number and Reynolds  number is. s h h  for both e ta t iom.  Decrease8 
in skin-friction  coefficient of  10, 19, and 32 percent were measured over 
the ranges of  m o d e l s  1, 2, and 3, respectively. The magnitudes of the 
.measured skin-friction  coefficients are higher  than  those shown- for a 
smooth flat  plate  at.sFmilar conditions by V a n  Driest's  theory which 
considers hea€ transfer. Hawever, the  variations of the experimental 
skin-friction  coefficzents with Mach number and Reynolds number are  quite 
similar t o  the  variations shown br the theory. 

I 
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WTROIXTCTION 

With the.   increased speeds of present and  proposed a i r c r a f t  and 
missiles, the  need  for  experimental  skin-friction data has  increased. 
For  1ow-dmg.misaile  configurations  turbulent  skin-friction drag at 
high  speeds  can  account f o r  as much as 50 percent of  t he   t o t a l  drag; 
hence, the  accuracy of an estimate of to ta i -drag  of"such a missile con- 
figuration would depend t o  a large  extent- -on the lmowledge of skin- 
f r i c t i o n  drag. 

A s  the Mach number increasee,  the  variations o f  the fluid properties 
within  the boundary layer  become signif icant  due to   e f f ec t s  of compressi- 
b i l i t y  and aerodynamic heating. There  have  been several   theories devel- 
oped uhich p r e d i c h  decrease in turbulent  skin  friction  with an increase 
i n  Mach number, their difference  being mainly i n  the-assumptions of the 
variations of density,  viscosity,  and thermal conductivity  within  the 
boundary layer. 

The e a r l i e s t  and most widely known theory was suggested by Von Karman 
i n  1935 (reference 1) and assumes that   the   f luid  propert ies  a t  the surface 
of the  plate  hold throughout the boundary layer. This gives the most 
extreme reduction Fn sk in   f r i c t ion  of any of the theories   for  a given. 
increase Fn Mach number. More recent  theories wbich consider a varia- 
tion of f l u i d  properties  throughout  the boundary layer  have been  given 
by Von K&& and Tsien  (reference 2), Frankl and Voishel, Kalikhman, 
Ferrari ,  Wilson, and V a n  Driest; - -These  theories,  with  the  exception OS 
the first, are reviewed  and compared with one of t h e i r  own by  Rubesin, 
Maydew, and Varga in reference 3. The theor ies   d i f fe r  widely in the 
amount of decrease i n  skin-friction  coefficient  predicted  for a given 
increase  in  Mach number. 

/ /  
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O n l y  a meager- amount of-akin-friction data has  been  obtained a t  
supersonic  speeds. .The measuiemente tha t  have  been made were at re la t ive ly  
low Reynolde umbers. Flat-plate  skin-friction measurements at zero  heat 
transfer  fromvarious  sources were compared with  the  various  theories  for 
f lat-plate  turbulent flow in   reference 3. 

In   order   to .obtain some needed akin-friction data on a body  of 
revolution at high Mach numbers and Reynolds numbers, skin-friction 
measurements have been made by the National  Advispry Committee f o r  
Aeronautics on a parabolic body of revolution of  f ineness   ra t io  12.2. 
The model, known as  the NACA R"10, was rocket-powered and fin-stabil ized. 
The fllght t e s t s  were made a t  the   P i lo t less   Ai rcraf t  Research Station a t  
Wallops Island, Va .  

". 
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This paper presents average skin-friction  coefficients as determfned 
from boundary-layer total-pressure rake measurements using the b”- 
layer momentum theorem. Rake  measurements were made at  stations 58 per- 
cent and 85 percent of ‘the body length from the nose. The friction 
coefficients  are average values for the body ahead of the measurement 
stations and were obtained mer a Mach n ber range f r o m  1.5 to 3.4 and 
over a Reynolds  number range f r a a  42 X 10 ”$ t o  160 x log (based on axial 
body length t o  the measurement station). 

Re Reynolds  number based on momentum thichess  . 

Cf average skin-friction  coefficient 

a u velocity,  feet  per second 

U velocity  inside boundary layer,  feet  per second 

SYMBOLS 

M Mach number 

Rx Reynolds number based on axtal distance 

T temperature, OF absolute 

P pressure, pounds per equare foot 

El! total  pressure behind a normal shock wave 
. 

P density, slugs per  cubic  foot 

5 specffic  heat a t  constant  pressure, 7.74 B t u  per slug OF for 
a i r  

‘ 7  . ratio of speciftc  heats, 1.4 

J mechanical equivalent of heat, foot-pow& per B t u  

g acceleration due t o  gravity, 32.2 feet  per second per second 

k ~ thermal conductivity of air, B t u  per foot-secand ?F 

I absolute  viscosity, slugs per foot-second 

Q Prandtl number (cpy/k) 
L 

I 

I 
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axial  dfstasce  from  nose of model, feet 

distance  along  surface from nose  of  model, feet 

distance normal. from  skin,  feet 

radial  distance  from  body axis, feet 

skin  area  back to s-tation x, aquare feet 

boundary-layer  thickness,  feet 

inccmpreesible  boundary-layer  displacement  thickness,  feet 

compressible  boundary-layer  displacement  thickness,  feet 

inco~rrpressible  boundary-layer  momentum  thickness,  feet 

compressible  boundary-layer momentum thicknees,  feet 

recovery  factor (::--T:&) 

wall shearing  stress, pounds per square  foot 

Subscripts: 

1 free-stream conditions 

W conditions at akin 

I 
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6 conditions j u s t  outside boundary layer 

8 stagnation condition 

av average 

aw adiabatic wall condition 

Average skin-friction drag coefficients were determined on the 
NACA R"I0 b d y  by  means of  rake surveys of the  ' total pressure through 

The temperature through the boundary layer, which was needed f o r  reduc- 
t ion of the  pressure measurements, was determined from experimentally 
measured values of' the skin temperature, known values .of the temperature 
j u s t  outside  the boundary layer, and a theoretical  distribution of the 
temperature within  the boundary layer, which is a function of,the  velocity 
distribution. The conditions of the flow within the boundary layer were 
then used Fn .the mamentum equation t o  obtain average ekin-friction 
coefficients f o r  the body.ahead of the rake station. The integrated, 

- form  of the boundary-layer equation f o r  a body of revolution in  ateady 

. . . the boundary layer and static-pressure measurements a t  the rake location. I 

* 

c flow can be obtained f r o m  reference 4 as 

! 
.I 

uhich can be written. 

For a slender body such as the "10, which has. a basic-shape fFnene'8s t 

ratio of 15, negligible  error i s  caused by taking d x  = ds and r = rw + y. 
Making these  substitutions,  'integrating  with  respect t o  x, and using the ' 

definitions of 6*c and ec r e e u t s  in 

. 
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dx 

The average fr ic t ion  coeff ic ient   for  the par t  of the b o Q  ahead of  the 
measurement s ta t ion  i s  then  given by 

hraluation  of  equation (3 )  requires a determination of the flow 
conditions  through  the  bounhry  layer and of the  conditions  outside the - 
boundary layer.  Conditions  outside  the boundary layer  were calculated 
from free-stream conditions using  the body pressure  distribution and the 
usual  relations which assume isentropic flow behind the mse shock wave. 
The body preesure  dietribution was determined by using  experimental 
static-pressure measurements and linear  theory, mich has been shown by 
wind-tunnel t e a t s  (reference 5 )  to   predict   c losely the pressures  aver 
the  RM-10 bdy .  . " . . 

With the  static  preasure assumed t o  be constant  through the boundary 
layer, &e i s  usual i n  boundary-layer  theory,  the Mach  number var ia t ion 
through  the boundary layer  was determined  from-the  total-pressure rake 
and static-pressure measurements using the supersonic  pitot-tube  equation 

. 
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The temperature distribution through the boundary layer was evaluated by 
using the.theoretical  relation given by Crocco in reference 6 which gives 
the temperature as  a  function of  the  velocity. This relation, which 
assumes a Prandtl number of 1 and steady-state conditions, was modified 
by the  inclusion of the recovery factor j3 i n  order t o  obtain  adiabatic 
wall temperature rather than stagnation temperature When the heat  transfer 
is  zero. The relatton  as used is. . 

ETialuating the  constants from the boundary conditions, T = Tg .at u = Us 
and T = T, a t  u = 0, and introducing  the  definition of adiabatic w a l l  
temperature 

PUB2 
( 7)  

gives .. . 

The second term on the right-hand side of equation (8) represents  the 
effect of  heat transfer and i s .  equal to zero when the skin temperature 
i s  equal t o  the  adiabatic wall temperature. For the  present teste, 
values of T,, Taw, F d  p were de tedned  from .experimental measure- 
ments  made on R"10 models in the supersonic convective heat-transfer 
phase of the R"I0 program (reference 7). 

f 
By means of  equation (8) the measured Mach number distribution was 

converted t o  velocity and temperature distribution. The density distri- 

bution'was o'btained from the  relation = Ts 
Pg T- 

In order t o  waluate  the  firgt  integral on the right-hand side of 
equation (3) ,  the  variation of  8 with x was assumed t o  be linear - 

from a  value of zero at the nose t o  the value detemined a t  the measure- 
ment station. This approximation is  believed t o  be satisfactory  since 

5 percent o r  the  other terms of equation ( 3 ) .  The las t  term of equa- 
tion (3)  was neglected  since it is  mazly times smaller than the term con- 

- the magnitude of the term i n  which E*, appears is on ly  approximately 

J .  taining wbich, as stated above, . i s  small. 

I 

i 

I 
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The integrals  in  equation (3)  were evaluated  graphically and the 
f i n a l  results when used i n  equation (4) gave the  average  skin-friction 
coeff ic ients   for   the body ahead  of the  rake measurement station. 

MODELS AND TESTS 

Three models were flown for   the  tests reported  herein. Model 3 
was a standard NACA R”10 test vehicle as were models 1 and 2, except 
for   modi f ica t ion   to   the i r  ta i l  sections. The general  configuration  and 
body equation o f  the , F ” l O  tes. tyehicle.  are shown i n   f i g u r e  1. The body 
is  of parabolic-arc  profile,  the  basic  parabolic shape  having a fineness 
r a t i o  of 15. Cutting  off the pointed stern at 81,25 percent of the full , 

length  to  allow space for  the  rocket Jet reaulta i n  an actual  body fine- 
ne88 r a t i o  of 12.2. Four untapered-etabil izing  f ins d t h  leading edges 
swept back 60’ are  equally  spaced around the  stern. The to ta l   aspec t  
r a t i o  i s  2.04. The cross section of the firm normal t o  the  leaf ing 
edge is  c i r c u l a r   a r c - a t h  a f ineness   ra t io  of 10 percent. This results 
i n  a f ineness   ra t io  of 5 percent--ln  the s t remise  direction. The fine 
are  construct-ed of cast  magnesium and are  attached t o  a cast-magnesium 
t a i l  section, whereas the body skin i s  spun f r 6 m  magnesium sheet. 

9 

All modela w e r e  niade as nearly  identical  as  pogsible  ahead  of 
s ta t ion  128. ,However, in  order  to  simglify  the  construction of models 1 
and 2, the standard m-10 t a i l   s e c t i o n   s t a r t i n g  a t  s ta t ion  128 was 
replaced on these two models with a cylindrical  ta i l  section  carrying 
wooden fins. The- f in s  of these two models had a del ta   plan form with 
leading edges swept back 45O. 

Unpublished test data from the Langley 4“ by b-foot  supersonic  tunnel 
on the R”10 canfiguration a t  a Mach number. of 1.4 and a Reynolds number 
of 3.6 x 106, and with an a r t i f i c i a l l y  caused turbulent boundary layer, 
show no var ia t ion in body-static-pressure  distribution  ahead of t h e   f i n  
1ocation.due  to  addition of the fins.  Since  the  leading edges  of the 
wooden f in s  were wedge-shaped,. with a smaller included angle than  that 
o f  the  standard R“10 fhs, it i s  assumed that the change in fin  design 
had no ef fec t  on the pressures at the measurement statipn. 

The R”10 body QELS designed  with only one lightweight  bulkhead and - 

three lightweight joints  in  ,order  to.  keep . t o  a minim the  distortion of 
the body shape.  caused by ..the r e s t r a in t  of  bulkheads a s  the skin tempera- 
ture  changes under the  influence of aeroaynamic heating. 

The Deacon rocket motor (JATO 3.53s-5700, Xm4Al) was selected as 
the  internal  rocket because of the.low  temperature of i t e  case  during 
burning.  Since  the  case  -reaches o a y  approxi-qtely 1yo F during b e i n g ,  
it has negligible  effect  on the  skin  temperature  af.the model. 
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Profile  measurements 

9 

of body  contours were ma2e on all  models.  The 
.. 

agreement  between  the  radii,  as  giveri  by  the  equation of the body and 
the  measured  radii, was within 0.02 inch. 

The Ipodels  were  hi-y  polished  immediately.prior  to  launching. 
Measurements of skin  roughness  were  made  using a, Brush  surface  analyzer 
with a stylus  tip  .radius of 0.0005 inch.  The  measurements  indicated a 
maximum surface  roughness of 50 microinches  with an average  value.of 
approximately 25 microinches.  This  degree  of  smoothness ie r o u m  
comparable  to  that  of a polished fine-ground surface. 

The 6.25-~~C~ABL Deacon  rocket  motors  used  to  propel  the  models 
had a -total  impulse of approxlmakely 19,800 pound-seconds. M o d e l  3 was 
boosted  by a second 6.25-inch A I S  Deacon  motor  which was drag-separated 
from the  model  at  cessation of' its  thrust. Figure 2 is a photograph  of 
this  model  in.launching  position. 

The  distribution of t o t a l  pressure  through  the  boundary  layer was 
measured  at  station 125 on models 1 and 3 and  at  station 85 on model 2 
by means of a six-tube.  total-pressure &e. The  rake  configurations 
used  at  stations.85  and 125 are  shown in figure 3. The  total-pressure 
tubes  were  mounted.in a rake  blank having a chordwise  thickness  ratio 
of 10.7 percent  and  sharp  leading  and  trailing  edges of 21° wedge  angle. 
The  tubes  were made of  stainless  steel  and  each had a 0.09-inch outside 
diameter  and a 0.06-inch  inside diameter with the mouth  pinched  down  to 
a 0. OLinch opening  and  the wall honed  to a maw of 0.01-inch  thiclmess 
at  the l ip.  

Body  staticJpressure was measured  at  the  measurement  station 180° 
around  the  body  from  the  rake  installation  by a 6 - inch-diameter flush 
orifice in the  skin. 

Pressures and longitudinal  acceleration  were  measured on the body 
by  standard NACA instrumentation an& the  data  telemetered  during  flight 
to two  ground receivhg stations.  Atmospheric  data  were  ob-bed from 
radiosonde  observations  made  at  the  time of the  tests.  Velocity  and 
position of the model along the  fli&t  trajectory -re measured by Doppler 
velocity  radar  and a radar tracking  unit. In the  case  of  the  boosted 
model 3, which  exceeded  the  range of the  Doppler  velocimeter,  velocity 
data  were  obtained  by  integrating  the  record of longitudinal acceleration. 

The  unboosted  models 1 and 2 were  launched  at an elevation of 
approxhately 5 5 O .  Maximum Mach number was reached  near  burnout of the 
rocket  motor, whLch was approximately 3.2 seconds  after  launching.  The 
model  then  coasted  upward  with  decreasing  velocity,  during a c h  time 
the  test  data  were  obtained.  The  boosted  model,  number 3, was launched 
at an angle of elevation of approximately TO0. The  booster  rocket  burned I 
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out and separated  approximately 3.2 seconds a f t e r  launching. A delay of  
approximately 9 seconds after  booster  separation was allowed  before 
f i r i n g  of the internal sustainer  -rocket. The sustainer  rocket  -fired 
f o r  approximately 3.2 seconds, aFter which the test data were obtained 
during  the upward coasting  period  offlight.  Figure 4 s h m  the varia- 
t i on  af Mach number with time f o r  each of the  three models and indicates 
the  intervals Over which the data were obtained. 

Figure 5 shows the Reynolds number, based on body length t o  the 
measurement station,  plotted  against  Mach number f o r  each of the three 
models. A100 s h k  i s  Reynolds number based on the experimentally 
determined momentum thickness 8,. 

RESULTS AND DISCUSSION 

In order  to  evaluate  skin-friction and boundary-layer velocity 
profiles,  it is nece-ssary t o  determine  the Mach number and  temperature - . dist r ibut ions through the boundary layer. The Mach number dis t r ibut ion 
through  the boundary layer  at the measurement s t a t ion  was found d i rec t ly  
from the meas.urements of the rake total-pressure  tubes  and the body 
static-pressure  orifice.  The temperature of the skin Tw, &ich  varied 
considerably  during  the fliat, was determined from experimental measure- 
ments on €"lo bodies (as reported i n  reference 7) .' The r a t i o  of.  skin , 
temperature t o  temperature just outside the boundary layer  T v / T ~  i s  
plotted  against  Mach  number i n  figure 6 for t h e   t e s t  range of  each model - .  

t o  show the  var ia t ion of the skin temperature and a l so   fo r  use l a t e r  i n  
considering  the  effect  of  heat transfer on C f .  There m a  a temperature] 
gradient  along  the body which varied  during  the flight frOm -lo F per 
inch t o  0.5' F per inch for  :model. 3 and from -0.3O F per  inch t o  approxi- 
mately 0 f o r  models- 1 and 2. Primarily  because of this, the   r a t io  Tw/m 
is  not  co&tant  along  the body at a given time. Figure 6 ,  therefore, 
shows the  value of the  ra t io   occurr ing  a t  the "average-area  station" 
ahead of  the measurement s ta t ion  as being  indlcative  of the conditians 
of  heating of the body ahead  of  the- measurement s ta t ion.  

8 -  

Typical  temperature  distributions  through  the boundary layer  at the 
rake s ta t ion  of model 3, determined from Eqtmtion (8), are sham in   f i g -  . 

ure 7 for  several  times after launching. They are presented as a plo t  
of  temperature  referred to   t he  temperature  outaide  the boundary layer 
against   veloci ty   referred  to  the velocity  outside the boundary layer. 

A t  15.14 and 17.10 seconds the skin i s  being  strongly  heated,  as 
can  be  judged  by the  positive  temperature  gradients  in  the boundary 
layer. A t  21.15 seconds the  temperature  gradient at the  ikin i s  zero, 
the  skin  being  in thermal equilibrium  with  the boundary layer. A t  

C 

m 
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25.00 seconds the temperature gradient i s  negative and the skin i s  being 
cooled. 

By use of the corresponafng,teqerature~distributions, the curves 
of Mach number through the boundary layer were converted t o  velocity. . 
The velocity  distributions f o r  the maximum and m h h u m  test Mach  numbers , 

of each of the  three models are ahown in figure 8 ufth  velocity u 
plotted-against  distance from the skin y. The meaaured boundary-layer 
velocity distributions for  the two measurement stations are shown in 
f€gure 9 as nondimensional p lo t s  of velocity  referred t o  the  velocity 
outside  the boundary layer  plotted  against  distance out from the s&€n 
referred t o ,  B i .  

The incompres'sible momentum thicbess  81 was used t o  reduce y 
t o  nondlmensiod form  because i t s  V4lUe '.is easily and accurate- 
determined directly from the  velocity  profiles. Values of the incom- 
pressible boundary-hyer parameter Hi defined as G*i/Bi ,  can be 
obtaGed directly for each condition by Fntegrating the nondimensional 
velocity  profile curves of figure 9. Although it -&be shown ana- 

been sham  exprimentally L,n reference 8 that all the  turbulent  velocity 
~ lytically that.the velocity  profile .is a function o n l y  of Hi,  f t  has 

r :  profiles measured in incompressible flow are approximately functions of 
. the  single parameter Hi.  In reference 9 it has been shown that the 

nondimensianal velocity  profile shape of a turbulent boundary layer is  
approximately a f'unction of the  single parameter H i  for c-ressible 

ence 9 also showa that the  functional  relation between H i  and the 
profile shape i.s the .sane for .compressible flow as fo r  incompressible 
flar. 

I 

. -  

- 1  flow t o  a Mach  number  of 1.2, as w e l l  as f o r  incompreseible flow. Refer- 

I 

I 

I 

In order t o  determFne i f  the 8- functional  relation between the 
velocity  -profile and H i  holds above Mach numbers of -1.2,. the  data of 
the  present  tests have been plotted & figure 10 in the form of u/U, 
against Hi fo r  various  values, of y/Bi. The solid linea represent  the .. 

- faired  data of reference 8 and the' broken lines , represent  .the faifed 
-&,+of reference 9, while the data, points are f rom the  present  tests. 
Since a l l  the  data points define, without excessive scatter, a single 
curve of u/Us agains%. Hi f o r  each value of y/81, it may be concluded 
that  the nondimeneional- velocity  profile shapes are approximately a func- 
t i o n  of the single parameter H i  over the range of .these  tests. The 
agreement  between the data f r o m  the  present high Mach number tes ts  and 
the curves representing  the  data  from.references 8 and 9 also indicates 
that  the  functional  relation between H i  and the  profile'shape is  
unchanged  by hch '  number. 

a 

. -  - .-. . . .  . 
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Evaluating  equation. ( k ) ,  using  the body area ahead of the measure- 
ment station,  glves  average  skin-frktion  coefficients  for  the bo- sur-  . 
face ahead of the measurement station. Except possibly a t  the l o w  Reynolds 
numbers a t ta ined a t  high  a l t i tude on model 3, these  experimental  values 
can be considered  a+ierage-friction  coefficientirfor  turbulent flow. This 
i s  because of the  predominance of 'turbulent boundary layer ,   in   respect  
t o  area, back t o   t h e  measurement stations.  Results of a f l i g h t  measure- 
ment of t rans i t ion  on the R"10 nose  section, which a re  as yet  unpublished, 
indicated  that   transit ion  occurred at s t a t ion  LO at a Reynolds number of 
approximately 8 x 106, based on body length  to   the  s ta t ion.  If this   value 
of Reynolds number fo r   t r a i i s i t i on   a t   s t a t ion  10 i s  applicable at other 
stations,  it would place  transit ion  within  the f i r s t  12 inches of  body. 
length  for  the complete test ranges of models 1 and 2 and f o r . t h e  upper 
half  of the Mach number range o f  model 3. .With  transit ion  occurring 
ahead of  s ta t ion  12, more than 97.4 percent of the skin  area  ahead of 
e i the r  measurement station  has  turbulen6 boundary layer. Thus, there i s  
l i t t l e  error  in  considering  the-average  coefficients  in  these  conditione 
as  those  for  turbulent flow. 

. .  
" 

.. 

" .  

There is  no compressible  turbulent  boundary-layer  theory  available 
which predic t s . the  magnitude of the skin f r i c t i o n   o r  i t s  var ia t ion with 
Mach  number, Reynolds number, and heat   t ransfer  for a' body of revolution. 
However, the  variation of  - C f .  with  these-parameters  for a slender body 
of revolution  should be similar t o  that fo r  a f la t  p l a t e - i f  r i s  large 
with respect   to  6; . "  

It 

' I  

A n  analysis f o r   t h e  average  turbulent  friction 0n.a smooth f la t  
plate,  which includes  heat  transfer,  has  recently been maae by Van Drieat - 

(reference la). H i s  assumptions  include a constant  skin  temperature 
along  the  plate  and the usual  boundary-layer assumptions, Prandtl num- 
&r of 1, and steady-state  conditions. H i s  equation relates Cf, Mach 
number, Reynolds number,'&d t h e   r i t i o  of wall temperature t o  tempera- 
ture  outside  the boundary layer  T w / T ~ .  Theoretical  value6  of Cf f o r  
a f l a t   p l a t e  were computed for   the range of conditions  covered by each 
test  model. The values of- the   ra t io  T,/Ts -used were those  occurring 
a t   t h e  average-area statim & e a  of the rake s t a t ion  (as given i n  fig. 6 ) .  

The experimental  values of Cf and the  corresponding  theoretical 
curves of f la t -p la te  Cf are  plotted  against  Mach  number i n  figure U. 
The Reynolds numbeqs occurring at the extremities of t he   t ee t  ranges are  
shown on the  experimental  curve8. Although the  experimental  values  are 
considerably  higher,  the  variations of the  experimental cues and of 
the  theoretical   f lat-plate  curves are similar. Both the  e-erimental 
curve and the  theoret ical   f la t -plate  curve show a reduction  in Cf of  5 

approfimately 10 percent Over the range  of model 1. Both show a reduc- 
t i o n  of approximately 19 percent  over  the r e g e  of  model 2. The 
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experimental curve for model 3, wkich reaches the high Mach number of 
3.4, shows a  reduction in Cf of about 32 percent, while the  theoreti- 
cal  flat-glate curve shows ,a reduction of approximately- 25 percent. 

Tkie experimental values of Cf for  the body  of revolution are from 
12  t o  33 percent  higher  than  the corresponding theoretical values for a 
flat   plate.  This might be expected because of the three-dimensional 
character of the body, as pointed out i n  reference fo r  the-case of 
laminar .flaw. Part of  this  discrepancy m y  also be  due t o  limitations - 

in  the  flat-plate theory i tself .  

It i s  apparent i n  figure 11 that  models. 1 and 3 have the same Cf 
a t  the common  Mach  number of  2.15, although the Reynolds  number  of  model 1 
is 139 x lo6 and that of model 3 is  42 x lo6. If the higher Reynolds  
number of model I Was the only difference in conditions, its Cf would 
be expected t.o be lower than that of model 3. Actually, .however, although 
the  heat  transfer on model 3 i s  negligible  at thi'a Mach number, model 1 
still has a cool skin since it Jus% attained. peak velocity and is there- 
fore cooling the boundary layer,  thus  raising  the Cf and masking the 
exgected Reynolds  number effect. 

' The values of Cf measured at station 85 on model 2 should not be 
cmpared id magnitude with  values of Cf measured at   station 125 on 
models 1 and 3, since  the  aver-all  effects of the body shape  and preesure 
distribution on the boundary layer were dlfferent  for  the- t w o  stations. 
It is  interesting t o  note that  the values of Cf measured on model 2 a t  , 

station 85 are lower than  those measured on model 1 at station 125, 
although the  reverse might  be expected i n  view of the  preasure  gradients 
on the forward pa& of  the body. There i s  no apparent explanation fo r  
this occurrehce. However, the decrease i n  Cf measured at   station 85 
over the range of model 2 i s  similar t o  that measured at   s ta t ion 125 and, ' 

as  already mentioned, is. Fn good agreement with the decrease shown  by 
i t s  corresponding theoretical  flat-plate curve. 

The experimental and theoretical curves of figure 11 are  replotted 
i n  figure 12 as  a  logarithmic plot  of Cf against Reynolds  number. On 
this p lo t  the variations of Reynolds  number through.the  test ranges are 
apparent. me Reynolds  number increase -ch accompanies the  increase 
i n  Mach  number  Over each tes t  range doubtless causes part of the reduc- 
t ion i n  Cf measured on each model, but i ts  effect cannat be sepkrated 
from the  effects of  Mach  number  and heat  transfer,  since  the  separate 
effect .of  none of these  variables can be determined f r o m  the  limited data 
of the pres-ent tests. 

For each of the  theoretical  flat-plate Cf curve8, .hawever, the 
effect of each variable can be separately deterfnined. Figure 13 shows 

. .  

I 

I 



14 NACA RM L5lB12 

the   theoret ical   f la t -plate  Cf curves as in   f igure .  11, along  with a 
corresponding  curve, f o r  each  range computed  from V a n  Driest's  equation, 
with  the  skin  temperature  being.&hat of an  insulated flat.plate - t ha t  
is, no heat  transfer. The large  heat flow into  the  skin, which occurs 
a t   the   h ighes t  Mach.qwnber f o r  each model, causes a large-  increase i n  
the  theoret ical   f la t -plate  . Cf due t o   t h e  lowering  of  the  temperature 
( tha t  is, increasing  -density) of the boundary layer. A t  the  lowest Mach 
numbere, the  canditions of  heat   t ransfer  on each model were different.  
Model 1' was s t i l l  being  heated.at i t s  lowest Mach number, with the accom- 
panying increaqe l+ theoret ical   f la t -plate  Cf .  Model 2 was being  heated 
only sl ight ly ,  with a consequent small increase in   f l a t -p l a t e  Cf. 
Model 3 wa8 being  cooled slightly, which caused a small decrease- i n   t h e  
theoret ical   f la t -plate  Cf.  

The theoret ical  curve which covers  the Mach and Reynolds number 
range of model 3, but assumes nu heat  transfer,  shows a decrease i n  Cf 
of approximately 42 percent,  with  the Reynold8 number change causing a 
21-percent  decrease and the Mach  number change a l so  causing a 21-percent 
decrease. The theoret ical  curve f o r  model.3 with  heat  transfer haa a 
decrease i n  Cf of approximately 25 percent, a8 mentioned before f.n 
reference to   f i gu re  11. The decrease i n  Cf caused by the change i n  
Reynolds number is  s t i l l  .21 percent,  with a decrease  of 5 percent  being 
caused by the change i n  Mach number. It can be  seen that  the  theoreti-  
cally  predicted.change  in Cf due t o  a var ia t ion of Reynolds number i s  
relatively  unaffected by the  presence o r  absence of' heat  tranefer. The 
theoretically  predicted change in Cf due t o   v a r i a t i a n   I n  Mach number 
is ,  however, very dependent on the  var ia t ion of heat-transfer  conditions, 
and the  theory  indicates  that   greater  reductions  in Cf than those 
meaaured would probably be present  with no heat  transfer. 

CONCLUDING RESIARKS 

Average skin-friction  coefficients have  been determined  experimentally 
f o r  two s ta t ions on a parabolic body of revolution of finenese  ratio 12.2 
(NACA €"lo) by measuring the momentum loss  in  the-boundary  layer, Three 
rocket-powered models were .used i n  the  tes ts .  Model 1 covered the Mach 
number range from 1.5 to .  2.15, with a Reynolds number range from 89 X 10 6 
t o  139 x 10 6 , based on body length  to   the measurement s ta t ion;  model 2 
covered  the Mach number range from 1.5 t o  2.52,. with a Reynolds number 
range from 57 x 106 to 124 x 106; and model J covered  the Mach number r ge 
from 2.15 t o  3.4, with a Reynolds number range f'rcan 42 X lo6 t o  160 X 10 2 . 

The experimental measurements show a significant  decreaee i n  skin- 
frfction  coefficient  with  increasing Mach number and Reynolds' number over 



. the range  of the  tests. Decreases i n  akin-friction  coefficient of  10, , 

19, agd 32 percent were  measured  Over the ranges of models 1, 2, and- 3, 
respectively. The magnitudes of the measured skin-friction  coef'acients 
are higher  than  those- shown for a smoo*h flat plate at simiiar conditions 
by V a n  Driest's  theory wbich considers  heat transfer. However, the varia- 
tions of the experimental skin-friction  coefficients with Mach number and 

. Reyho l~  number are  quite similar t o  the  variatiom shown by the theory. 

The tes t  measurements  show that  the boundary-layer velocity  profile 
shape is  a function. of the  single parameter H i  for compressible .flow 
aver the entire  test  Mach number range,  a8 well as for incompressible 
flow. 

Langley Aeronautical Laboratory 
National  Adviaojr CommFttee for Aeronautics 

Langley Field, Va. 

c 

! 

I 

I 

. .  

. 



16 - ." 
EWEXEXCES 

NACA RM L5lBl.2 

1. Von Karman, Th.: The Problem of-Resietance  in Compressible  Fluids. / /  

R. Accad. d* I t a l i a ,  vol. XW, 1936. (Fifth  Volta Congress held i n  
Rome, Sept. 30 - Oct. 6, 1935. ) 

2. Von K&m&, Th., and  Tsien, H. S. : Boundary Layer i n  Compressible 
Fluids.  Jour. Aero. Sci.,  vol. 5, no. 6, April 1938, pp. 227-232. 

3. Rubesin, Morris W., Maydew, Randall C., and Varga, Steven A.: An 
Analytical and  Experimental  Investigation  of  the Skin FYiction of 
the  Turbulent Boundary Layer on a Flat P la te  a t  Supersonic Speeds. 
NACA TN 2305, 1951. 

4. Fluid Motion Panel  of  the  Aeronautical  Research Committee and  Others: 
Modern Developmnts in   F lu id  Dynamics. Vol. I, S. Goldstein,  ed., 
The Clarendon Press (Oxford), 1938, p. 133. 

5. Luidens, Roger W., and Simon, Paul C.: Aerodynamic Characterist ics 
of NACA R"10 Missile in 8- by &Foot  Supersonic Wind Tunnel a t  
Mach N u m b e r s  from 1.49 t o  1..98. I - Presentation  and  Analysis of 
Pressure Measurements ( S t a  izing Fins  .Repwed). NACA RM EWD10, 
1950 B r 

I 

6. Crocco, Luigi:  Transmission of  Heat  from a F laGPla t e   t o  a Fluid 
Flowing -at a H i g h  Velocity. NACA TM 6 9 ,  1932, 

7. Chauvin, Leo T., and deMoraes, Carlos A. : Correlation  of  Supersonic 
Convective  Heat-Transfer  Coefficients from MeaBUEDEntB of the  Skin 
Temperature of-a  Parabolic. Body of Revolution (NACA RM-10). NACA 
m ~51~18, 1951. 

c 

8. Von Doenhoff, Albert E., and Tetervin, Neal: Determination of General 
Relations f o r  the Behavior af Turbulent Boundary Layers. NACA 
Rep.' 772, 1943. 

9. Tulin,  Marshall P., and  Wright, Ray E. : Investigation of  Some 
Turbulent-Boundary-Layer Velocity  Profiles a t  a Tunnel  Wall with 
Mach N u m b e r s  up t o  1.2. M C A  RM LgHZJa, 1949. 

10. Van Driest, E. R. : The TurbuleneBoundary  Layer  for  Cmpressible 
Fluids on a Flat   Plate  with Heat Transfer. Rep. No. AL-997, North 
American Aviation,  .Inc., Jan. 27, 19y. " 

11. Mangler, W.: Compressible Bougdary Layers on Bodies of RevolutFon. 
Reps. and Translations No. 47, British.M.A,P.  Vbhenrode, March 15, 
1946. I 



. .  . 

I 1' 3 Y I 

. . . .  , 
I 

* Y w 

Circular-arc profile, 
thickness ratio. 0. IO 

90 129  146.5 
Ymaw'6.0 Y 4.636 

Circular-arc profile, 
thickness ratio. 0. IO 

0 90 129  146.5 
Ymaw'6.0 Y 4.636 

0 

B o d y  profile equation 
Y E  6.000-.0007407 X' 

Figure 1. - General configuration and body eqmtbn of the R4C.A RM-10. 
Dimensions are  in inches. 
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Figure 2. - Model 3 in launching position. 



P 

L 



NACA RM L5lB12 21 

Section A-A 

Figure 3. -  General configuration of total-pressure rakes and spaclng of 
tubes. Dimensions are in inches. 
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Figure 12.- Skin-friction coefficients plotted against Reynolds nwnber. 
Logarithmic coordhates.  
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